The export of cellular glucose depends on the endoplasmic reticulum bound enzyme glucose-6-phosphatase (G-6-Pase), which catalyzes the hydrolysis of glucose-6-phosphate to glucose-6, the final step required for the release of new glucose into the blood or hemolymph. The current study examined the effect of chloride on G-6-Pase activity in two marine crustaceans: the ion-regulating crab Menippe mercenaria, and the ion-conforming crab Libinia dubia. Elevated chloride (from 0 to 250 mmol L À1 Cl À ) stimulated hepatopancreas G-6-Pase activity in both crabs (2 times in M. mercenaria and up to 1.6 times in L. dubia). Elevated chloride also increased glucose export from isolated M. mercenaria hepatopancreas. These results are in stark contrast to G-6-Pase chloride inhibition previously reported in vertebrate liver. The sensitivity of G-6-Pase to changes in environmental chloride was determined in crabs acclimated to low (20&) and high (45&) salinity. M. mercenaria acclimated to high salinity became less sensitive to changes in chloride, G-6-Pase activity decreased by about half. Our results suggest that chloride may be an important regulator of gluconeogenesis in marine crustaceans and may help ensure adequate glucose release during times of high metabolic demand such as exposure to variable salinity.
INTRODUCTION
The enzyme glucose-6-phosphatase (G-6-Pase) was first described by Fantl and Rome in 1945 and its importance in catalyzing the last step in gluconeogenesis, the hydrolysis of glucose-6-phosphate to glucose, is now well recognized (Nordlie et al., 1993) . G-6-Pase is a multi-component enzyme that is embedded within the endoplasmic reticulum and whose regulation is critical for maintaining normal carbohydrate metabolism and stable blood glucose concentrations (see Van Schaftingen and Gerin, 2002; Nordlie and Foster, 1999; Foster et al., 1997 , for reviews). Although G-6-Pase kinetics and regulation are well known from vertebrate tissues, its activity has been reported from only a few invertebrates, Limulus (Stetten and Goldsmith, 1976) , a freshwater prawn (Murti et al., 1984) , and insect pupae (Siegert, 1986) . Little is known about G-6-Pase and its regulation within marine crustacea.
Hydrolytic and biosynthetic activity of G-6-Pase is influenced by a number of hormones and ions that interact with different components of the G-6-Pase system (Van de Werve, 1989; Colila et al., 1974) . Chloride ions competitively inhibit both synthetic and hydrolytic activities of rat liver G-6-Pase (Pederson et al., 1998) . During times of increased metabolic demand, chloride efflux leads to decreased inhibition of G-6-Pase resulting in elevated cellular concentration of glucose-6-phosphate and increased glycogen synthesis in vertebrate liver (Lang et al., 1998 and Meijer et al., 1992) . Thus, even small chloride fluctuations across the cell membranes impact cellular glucose export. In the invertebrates, G-6-Pase activity was associated with periods of starvation and elevated glucose utilization such as prolonged activity or molting in the moth, Achroea (Mittal and Harinder, 1988) .
We hypothesized that chloride could be an important effector of G-6-Pase activity in marine crustaceans that often experience large changes in environmental, hemolymph, and intracellular chloride. In order to better understand glucose metabolism and the role of extracellular chloride fluctuations in glucose export in crustaceans, we measured changes in hepatopancreas G-6-Pase activity in the ionregulating crab, Menippe mercenaria (Say, 1818) and the ion-conforming spider crab Libinia dubia (H. Milne Edwards, 1834). Hepatopancreas G-6-Pase activity was measured from crabs acclimated to low and high salinity (20 and 40&) and glucose export determined from isolated M. mercenaria hepatopancreas at different chloride levels. Skeletal muscle G-6-Pase activity and sensitivity to chloride was compared to hepatopancreas from fasting and fed M. mercenaria to determine the importance of G-6-Pase in skeletal muscle glucose regulations.
METHODS
Male stone crabs (M. mercenaria, 74.6 to 337.2 g) and spider crabs (L. dubia, 34.4 to 147.7 g) were collected using wooden stone crab traps from Tampa Bay, Florida during June, July, and August. Crabs were maintained in flowthrough seawater tanks (salinity of 32& at 228C 6 18C) for two weeks prior to experimentation. Each crab was assigned to one of two treatment groups: low salinity acclimation (20&) or high salinity acclimation (45&). Target salinities were reached by lowering or raising salinity 5& every two to three days. Hemolymph and water osmolarity was monitored using a Wescor vapor pressure osmometer. Crabs were fed bait shrimp twice a week and fasted for five days prior to all studies unless otherwise noted.
In order to directly compare G-6-Pase Cl À sensitivity from crustacean hepatopancreas to vertebrate liver under identical assay conditions we used one Pigfish (Orthopristis chysoptera) caught by hook and line off of Galbraith Marine Science Laboratory and maintained in flow-through seawater tanks (salinity of 32& at 228C 6 18C) for five days prior to experimentation (FWC Special Activity License #05E-084).
Activity of G-6-Pase was measured using a stop assay protocol combined with colorimetric determination of inorganic phosphate levels according to Wallert et al. (2001) . Liver, hepatopancreas, or claw skeletal muscle tissue were homogenized in 0.25 mol L À1 sucrose, 10 mmol L À1 HEPES, at pH 7.5. Microsomes were obtained by differential centrifugation as previously described by Wallert et al. (2001) . Microsome yield was 5 to 13 mg microsomal protein g À1 of tissue wet weight for crabs and 12.7 mg for pigfish. Microsomal total protein was determined using Bradford Reagent (Sigma B6916; Bradford, 1976) .
Microsomes were permeabilized by treating with triton X-100 prior to activity measurements and the preparations incubated with varying concentrations of chloride (0-750 mmol L À1 NaCl or KCl) for 15 min at 308C. Activity of non-specific phosphate was determined on each sample and subtracted from G-6-Pase activity in all cases. Enzyme activity assays were performed at 258C in duplicate or triplicate and mean values 6SEM are reported.
Glucose export was determined on fresh M. mercenaria hepatopancreas. The hepatopancreas was quickly isolated, transferred to a shallow dish containing an oxygenated physiological solution adjusted to acclimation salinities (300 or 700 mmol L À1 Cl À with 1 mmol L À1 glucose) according to Engel et al. (1974) . The tissue was separated into distinct lobes and rinsed with oxygenated physiological solution for several minutes before transfer to individual incubation chambers. Incubation solution (4 mL) was equilibrated with 98% oxygen/2% Co 2 , pH adjusted at the incubation temperature of 258C. Under these conditions, hepatopancreas lobes reached a steady rate of oxygen consumption after about 10 min and maintained that rate for at least 1 h (personal observation). Small sections of hepatopancreas, less than 0.1 g, of similar size were used in order to minimize diffusion limitations. The rate of gluconeogenesis (mmol g À1 h
À1
) was estimated from the concentration of glucose exported from the hepatopancreas (final glucose concentrationinitial glucose concentration in the incubation medium). Glucose concentrations were measured spectrophotometrically using dianisidine indicator assay describe by Bergmeyer and Bernt (1974) .
All results are presented as means 6 S.E.M. unless otherwise noted. Differences between means were analyzed by Student's paired t-test or ANOVA followed by Fisher's protected least significant difference test for multiple comparisons where appropriate.
RESULTS
At low chloride concentrations hepatopancreas (HP) G-6-Pase activity was stimulated in the two decapod crustaceans studied (Fig. 1) . There was no difference in G-6-Pase activity or chloride sensitivity when microsomes were incubated with NaCl or KCl (data not shown) indicating that enzyme activity is influenced solely by Cl . Maximal G-6-Pase activity for pigfish liver was about 1.5 times higher when compared to crab hepatopancreas G-6-Pase activities (66 versus 42 per mg microsomal protein respectively; Fig. 1) .
Hemolymph for the osmoregulating crab M. mercenaria was hyperosmotic to environmental water below salinities of 28&. After two weeks of acclimation at 20&, hemolymph remained about 195 mOsm above environmental osmolarity (765 versus 570 mOsm respectively). Hemolymph from the osmoconformer L. dubia remained isoosmotic to the environment at all salinities measured (629 mOsm compared to surrounding waters).
Acclimation to different environmental salinities had a large influence on hepatopancreas G-6-Pase activity from the ion-regulating crab M. mercenaria (Fig. 2) . Two-week acclimation in 45& seawater decreased G-6-Pase activity Fig. 1 . Activity of Glucose-6-phosphatase measured as nmoles of phosphate hydrolyzed per minute per mg of microsomal protein isolated from hepatopancreas (HP) and claw skeletal muscle (CSM) of the stone crab Menippe mercenaria (closed and open circles, n ¼ 6) and spider crab Libinia dubia (squares, n ¼ 7) at increasing concentrations of chloride.
Results are compared to liver Glucose-6-phosphatase activity from the pigfish Orthopristis chrysoptera (diamonds, n ¼ 1). Enzyme activity is plotted as mean 6 S.E.M. ; closed symbols). G-6-Pase activity from low salinity acclimated M. mercenaria was significantly greater than crabs acclimated to high salinity at Cl À concentrations greater than 100 mM (*; P , 0.05, ANOVA, Fisher's PLSD). There was no significant difference in G-6-Pase activities between low and high-acclimated spider crabs at all chloride concentrations (P . 0.05, ANOVA).
as much as 45% in M. mercenaria. Conversely, there was no significant difference in G-6-Pase activity between high and low salinity acclimated L. dubia (P . 0.05, ANOVA). When chloride was absent, there was no significant difference in G-6-Pase activity between high and low acclimated crabs (P . 0.05, ANOVA; Fig. 2) .
In order to determine if changes in extracellular chloride concentrations directly influence tissue glucose export, we incubated fresh M. mercenaria hepatopancreas in different concentrations of Cl À . Our results show that elevated [Cl À ] increase glucose export from isolated hepatopancreas (Fig. 3) . Isolated hepatopancreas from low salinity acclimated crabs had the highest sensitivity to [Cl À ]. Hepatopancreas from low salinity acclimated crabs increased glucose export by 50% in the presence of 700 mmol L À1 Cl À (Fig. 3) . Hepatopancreas isolated from high salinity acclimated crabs was insensitive to changes in Cl À (Fig. 3) . There was no significant difference in glucose export between hepatopancreas isolated from high salinity acclimated crabs incubated in either 300 or 700 mmol L À1 chloride (P . 0.05). The role of skeletal muscle in gluconeogenesis via the G-6-Pase pathway was compared for hepatopancreas and claw muscle G-6-Pase activity from 9 fasted and 9 fed M. mercenaria (Fig. 4) . Fasting significantly increased hepatopancreas G-6-Pase activity over 35% (from 13 to 21 nmol min À1 mg À1 microsomal protein). Claw muscle was insensitive to fasting (P . 0.05, ANOVA) and had minimal G-6-Pase activity (over 20 times less than hepatopancreas).
DISCUSSION
The results from this study indicate that hepatopancreas G-6-Pase activity is stimulated at low Cl À (from 0 to 250 mmol L À1 ) and remains elevated at high Cl À concentrations (up to 750 mmol L À1 ) in the stone crab, M. mercenaria, and the spider crab, L. dubia. These results demonstrate for the first time the activation of a glucose export route in response to elevated Cl À , and they suggest that Cl À may play a role in the response of the hepatopancreas to metabolic demands for glucose. The results from this study are unlike results for vertebrate tissues previously studied, where increases in Cl À consistently inhibit G-6-Pase activity (Pederson et al., 1998 and Fig. 1 ). In vertebrates, it has been suggested that intracellular concentrations of Cl À decrease in liver hepatocytes during times of elevated metabolic demand due to a regulatory cell volume mechanism (Meijer et al., 1992; Pederson et al., 1998) . Our finding that Cl À inhibits G-6-Pase hydrolysis in pigfish supports a similar Cl À based glucose regulation in this teleost. In the two marine crustaceans studied, the stimulation of hepatopancreas G-6-Pase activity by chloride at low concentrations and relative insensitivity at high chloride concentrations may explain how decapod crustaceans respond to large changes in environmental salinity.
Euryhaline crustaceans experience large changes in hemolymph and intracellular chloride concentrations. Hemolymph Cl À concentrations vary according to season (almost 25% change between summer and winter) and they are correlated with environmental salinity (Mantel and Farmer, 1983) . Intracellular chloride concentrations double in axons from Carcinus maenas acclimated to full strength seawater, when compared to axons from animals acclimated to half strength seawater (56.6 versus 29.0 mEq/liter Cl À , Gilles and Pequex, 1981) . Hypo-osmotic shock decreases Cl À concentrations in isolated Limulus heart by as much as 80% within 24 h (Pierce, 1982) . Even under constant environmental conditions (33& and 208C) hepatopancreas intracellular Cl À concentrations vary over 40% in the shrimp Penaeus duorarum (120 6 over 50 mmol L À1 S.D., n ¼ 6; Bianchini et al., 2005) . Although intracellular changes in chloride were not measured in the present study, the large changes in G-6-Pase activity resulting from salinity Fig. 3 . Rates of glucose export (gluconeogenesis) from isolated Menippe mercenaria hepatopancreas measured as mmol of glucose released from isolated hepatopancreas per gram wet weight tissue per hour. Crabs were acclimated to either 20 or 45& sea water for two weeks prior to measurements. Exposure to hepatopancreas tissues from low salinity acclimated crabs to high levels of Cl À1 (700 mM Cl À ) significantly increased glucose release when compared to exposure to low Cl À1 concentrations (300 mM Cl À ; *; P , 0.05, ANOVA, Fisher's PLSD). Fig. 4 . Activity of Glucose-6-phosphatase measured as nmoles of phosphate hydrolyzed per minute per mg of microsomal protein isolated from hepatopancreas and claw skeletal muscle of the stone crab (Menippe mercenaria). Food was withheld for 5 days in fasted animals and fed animals had access to food 24 h prior to experiments. Hepatopancreas G-6-Pase activity from fasted M. mercenaria was significantly greater than fed crabs (*; P , 0.05, ANOVA). There was no significant difference in skeletal G-6-Pase activities between fasted and fed animals (P . 0.05, ANOVA).
acclimation suggest an important relationship between chloride and G-6-Pase activity.
Salinity acclimation influenced the sensitivity of hepatopancreas glucose export. Hepatopancreas glucose export from high salinity acclimated M. mercenaria became insensitive to changes in incubation [Cl À ] while exposure of hepatopancreas from low salinity acclimated crabs to elevated [Cl À ] increased glucose export. Acclimation did not influence G-6-Pase Cl À sensitivity in the ion-conforming crab L. dubia. We suggest that an increase in G-6-Pase Cl À sensitivity from low salinity acclimated crabs may be a response to elevated cost of ionic and osmotic regulation at low salinity. Increased activity of the Na þ /K þ ATPase has been reported from osmoregulating crabs exposed to decreasing environmental salinities (Towle, 1984) . Elevated carbohydrate metabolism, including increased hemolymph and tissue glucose concentrations, has also been reported during low salinity acclimation in an estuarine crab (Nery and Santos, 1993) . Changes in environmental and/or hemolymph Cl À levels may be an important indicator of increases in energy demand often associated with migration, molting, osmoregulation, or reproduction in marine crustaceans.
The relatively high levels of hepatopancreas G-6-Pase measured in the present study suggest that the hepatopancreas is a main site for glucose export into the hemolymph. Hepatopancreas G-6-Pase hydrolytic activities were comparable to fish liver (Fig. 1 ) although about two times less than those reported from mammalian liver under similar conditions (Wallert et al., 2001) . While the present study does not address the possible fate(s) of lactate in crustaceans, it does suggest a possible pathway for the release of glucose from the hepatopancreas. If depleted muscle glycogen stores following activity are regenerated from hepatopancreas glycogen and glucose, activation of G-6-Pase hydrolytic activity and subsequent release of glucose-6 into the hemolymph post-exercise would be necessary. We suggest further studies of G-6-Pase activity during times of elevated metabolic demand and recovery. In the present study, we detected minimal claw skeletal muscle G-6-Pase activity from fed or fasted animals and immeasurable chloride G-6-Pase sensitive from claw muscle of resting M. mercenaria (Figs. 1 and 4) . Our results do not exclude the possibility of pH or hormone stimulated G-6-Pase activity from skeletal muscle or the potential contributions of muscle glycogen to hemolymph hyperglycemia previously reported in crustaceans during recovery (Morris and Adamczewska, 2002; Henry et al., 1994; van Aardt, 1988) .
Overall our results suggest that elevated Cl À plays an important role in influencing G-6-Pase activity in marine crabs. M. mercenaria hepatopancreas G-6-Pase activity is sensitive to salinity acclimation and hepatopancreas incubations suggest that glucose export via hydrolysis of glucose-6-phosphate by G-6-Pase may be influenced in part by changes in extracellular Cl À concentrations.
